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Introducing a comprehensive physics-based modelling framework for 
tandem and other PV systems 

M.R. Vogt *, C. Ruiz Tobon , A. Alcañiz , P. Procel , Y. Blom , A. Nour El Din , T. Stark , Z. Wang , 
E. Garcia Goma , J.G. Etxebarria , H. Ziar , M. Zeman , R. Santbergen , O. Isabella 
Delft University of Technology, PVMD, Mekelweg 4, 2628CD, Delft, the Netherlands   

A R T I C L E  I N F O   

keywords: 
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Operating temperature 
Opto-electric device simulation 

A B S T R A C T   

We introduce a novel simulation tool capable of calculating the energy yield of a PV system based on its 
fundamental material properties and using self-consistent models. Thus, our simulation model can operate 
without measurements of a PV device. It combines wave and ray optics and a dedicated semiconductor simu-
lation to model the optoelectronic PV device properties resulting in the IV-curve. The system surroundings are 
described via spectrally resolved ray tracing resulting in a cell resolved irradiance distribution, and via the fluid 
dynamics-based thermal model, in the individual cell temperatures. A lumped-element model is used to calculate 
the IV-curves of each solar cell for every hour of the year. These are combined factoring in the interconnection to 
obtain the PV module IV-curves, which connect to the inverter for calculating the AC energy yield. In our case 
study, we compare two types of 2 terminal perovskite/silicon tandem modules with STC PV module efficiencies 
of 27.7% and 28.6% with a reference c-Si module with STC PV module efficiency of 20.9%. In four different 
climates, we show that tandem PV modules operate at 1–1.9 ◦C lower yearly irradiance weighted average 
temperatures compared to c-Si. We find that the effect of current mismatch is significantly overestimated in pure 
optical studies, as they do not account for fill factor gains. The specific yields in kWh/kWp of the tandem PV 
systems are between − 2.7% and +0.4% compared to the reference c-Si system in all four simulated climates. 
Thus, we find that the lab performance of the simulated tandem PV system translates from the laboratory to 
outdoors comparable to c-Si systems.   

1. Introduction 

To achieve climate neutrality the energy sector must switch to 
renewable energies. Scientific studies modelling 100% renewable en-
ergies scenarios by 2050 project that a solar photovoltaic (PV) capacity 
between 20 and 70 TWp needs to be installed within the next 30 years 
[1,2]. The production of such large amounts of PV modules is 
resource-intensive, especially with respect to glass and silver con-
sumption, for these materials the PV industry might consume more 
annually than their current production capacity [3]. Pathways to solving 
this lack of resources can be found in a combination of reducing the use 
of these materials and increasing the operating efficiency of PV systems 
[3]. Thus, increasing solar system operating efficiency is a key factor in 
combating climate change. 

In 2020, c-Si modules had a market share of about 95%, with sta-
bilized mass production cell efficiencies up to 24% [4] under Standard 

Testing Conditions (STC: 25 ◦C, 1 kW/m2, AM1.5g) [5]. Silicon solar 
cells produced for research and development have achieved efficiencies 
up to 26.7% [6,7], which is even closer to their theoretical efficiency 
limit of 29.4% [8,9] under STC. Thus, researchers are investigating 
alternative technology concepts, which can go beyond this limit. The 
perovskite/silicon tandem technology [10] has demonstrated a cell ef-
ficiency as high as 31.25% [11] in the laboratory. The technology has 
muchroom for further development as its fundamental limit is at 45% 
[12–14] and is expected to enter mass production in 2023 [4]. For a 
successful market entry, this tandem concept does not just need to 
demonstrate high efficiencies under STC, but also high energy yields in 
different climates to be bankable to investors and beneficial in 
combating climate change. 

However, the conventional energy yield prediction tools currently (e. 
g. PVsyst [15], HelioScope [16], Solar Monkey [17], Plant predict [18], 
PV*Sol [19], System advisor model (SAM) [20]) do not cover tandem 

* Corresponding author. 
E-mail address: m.r.vogt@tudelft.nl (M.R. Vogt).  

Contents lists available at ScienceDirect 

Solar Energy Materials and Solar Cells 

journal homepage: www.elsevier.com/locate/solmat 

https://doi.org/10.1016/j.solmat.2022.111944 
Received 29 April 2022; Received in revised form 5 August 2022; Accepted 8 August 2022   

mailto:m.r.vogt@tudelft.nl
www.sciencedirect.com/science/journal/09270248
https://www.elsevier.com/locate/solmat
https://doi.org/10.1016/j.solmat.2022.111944
https://doi.org/10.1016/j.solmat.2022.111944
https://doi.org/10.1016/j.solmat.2022.111944
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2022.111944&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Solar Energy Materials and Solar Cells 247 (2022) 111944

2

devices. Their irradiation models are monochromatic with spectral 
correction coefficients, which would need to be adjusted for multi-
junction cells. Additionally, they require measurements of fabricated 
devices optical and semiconductor behavior as input to model the en-
ergy yield. 

In recent years, the research community has taken a high level of 
interest in predicting the energy yield of the perovskite/silicon tandem 
technology. In contrast, to the commercial software solutions they all 
use spectrally resolved irradiation either from measurements or 
modelling. However, as listed in Table 1 they do not cover all the steps 
traditionally included in energy yield modelling software. 

Fundamental studies [12–14] into the energy yield of per-
ovskite/silicon tandems identified that the ideal band gap for the 

perovskite top cell is 1.73–1.74 eV for a monofacial two terminal cells 
and 1.82 eV for a monofacial four terminal cells. These studies assume 
idealized cells based on the detailed balance limit [28]. 

Several studies [22–24,29] used realistic models to simulate the 
optical material properties based on wave optics to optimize the optical 
properties of the perovskite/silicon tandem solar cells in realistic con-
ditions. However, the models in these studies did not include the ther-
mal behavior of the solar cells. 

The models by Schmager et al. [25] and Julien et al. [27] included 
empirical module temperature models and are able to calculate the 
energy yield of perovskite/silicon tandem solar cells in realistic condi-
tions. They both build on the four same pillars: (a) Optical device 
simulation with wave optics and ray tracing, (b) typical meteorological 

Table 1 
Overview of which modelling features are considered fully (green), considered partly (yellow), taken from measurements (red), or not considered (red). The top six 
rows list several energy yield modelling software programs. The other rows studies predicting the energy yield of perovskite/silicon tandem cells, modules, or systems.  

Name 1)Optical 
device 

2)Semi-conductor 
device 

3)Module mounting 
conditions 

4)Spectrally resolved 
irradiation 

5)Module 
thermal 

6)Module 
electrical 

7)DC to AC 
conversion 

PVSyst[15] Measured Measured Yes Spectral coefficients Yes Yes Yes 
HelioScope [16] Measured Measured Yes Spectral coefficients Yes Yes Yes 
Solar Monkey [17] Measured Measured Yes Spectral coefficients Yes Yes Yes 
Plant predict [18] Measured Measured Yes Spectral coefficients Yes Yes Yes 
PV*Sol [19] Measured Measured Yes Spectral coefficients Yes Yes Yes 
SAM[20] Measured Measured Yes Spectral coefficients Yes Yes Yes 
Futscher et al. [12] Measured Measured No Measured Measured Yes No 
Dupré et al. [13] Idealized Idealized No Yes Yes No No 
Jäger et al. [14], 

[21] 
Yes Idealized Yes Measured No No No 

Hörantner et al. 
[22] 

Yes Measured Tilt, no geometry Measured No No No 

Jošt et al. [10] Cell level 
only 

Measured Tilt, no geometry Measured No No No 

Tucher et al. [23] Yes Measured No Yes No No No 
Singh et al. [24] Yes No Yes Yes No No No 
Schmager et al. 

[25],[26] 
Yes Measured Yes Yes Empirical 

model 
No No 

Julien et al. [27] Yes Measured Yes Yes Empirical 
model 

No No 

This work Yes Yes Yes Yes Yes Yes Yes  

Fig. 1. Flowchart of PVMD Toolbox describing the simulation methodology. The input data is indicated in black. The main models and (intermediated) results are in 
blue and green, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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year (TMY climate data enhanced by spectra from SMARTS [30,31], (c) 
an empirical temperature model and (d) the one diode model with input 
from IV-curve parameters from tandem cells measured in the laboratory 
to calculate the energy output of effectively a one solar cell module. This 
four step approach requires devices to be fabricated in order to deter-
mine the new electrical and thermal parameters and ultimately deter-
mine the impact any changes on operating temperature and electrical 
power output. Furthermore, these models do not consider a full PV 
module with more than one solar cell. Thus, interconnection in a module 
and especially differences in irradiation onto the different cells cannot 
be simulated. Additionally, the DC to AC conversion is not currently 
included in these models. 

In this work, we introduce a new model called “PVMD Toolbox,” 
which includes semi-conductor device modelling it energy yield 
modelling. This makes our software unique in the fact that it can 
simulate PV systems AC energy yield based on fundamental material 
parameters. In comparison with previous models [25–27], we add 
electrical device modelling, a non-empirical temperature model, elec-
trical interconnection of a full industrial size PV module with more than 
one solar cell (typically 72 cells) and DC to AC conversion. Thereby, our 
model can simulate the AC energy yield even if no such solar cell or 
module was fabricated. This enables fast investigations with many 
variations to see how changes in one layer impact the final AC energy 

yield. As a consequence, the speed of the development process can be 
increased, and additional insights can be obtained. 

The focus of this paper is the introduction of the new model and 
validation (section 2). In section 3, we demonstrate the capabilities of 
our model in a case study comparing to two tandem systems with a c-Si 
reference in four different climate types. Finally, we summarize and 
conclude our work (section 4). 

2. Simulation model 

The flowchart of the simulation model for energy yield calculation in 
the PVMD TOOLBOX is shown in Fig. 1, with the main models (blue), the 
information flow as well as the (intermediate) results (green) and the 
input (black). The PVMD TOOLBOX extends scientific yield prediction 
models for tandem solar cells to seven pillars. Pillar 1) considers ray and 
wave optics in the module layer stack described by the materials’ 
complex refractive indices. It calculates spectral, depth and angle 
dependent absorption for each layer in the cell. The generation profile 
serves as an input for pillar 2), the advanced semiconductor analysis 
software, which is used to calculate the cell IV-curves at different irra-
diances and temperatures for the toolbox. An equivalent circuit model of 
the solar cell, is then fit to match all the IV-curves, resulting in a cali-
brated lumped-element model with temperature and illumination 

Fig. 2. The perovskite top cell is always shown on 
the left, while the silicon heterojunction bottom 
cell is shown always on the right. Band diagrams as 
simulated by ASA for both cells are shown in the 
top row. Irradiance dependence of the IV-curves 
for both ASA and CLEM are shown in the middle 
row. Temperature dependence of the IV-curves for 
both ASA and CLEM are shown in the bottom row. 
(For interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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dependent parameters. The first pillar results also serve as an input for 
pillar 3), system level ray tracing, which simulates the PV module 
mounting conditions and surroundings allowing for shading and albedo 
effects to be considered, resulting in a sensitivity map of the PV system. 
Together with pillar six, these models give us a static description of the 
PV system from fundamental material properties to module IV-curves. 

Pillar 4), the first time resolved step, is the creation of a distribution 
of the radiance across the sky based on the Perez model and SMARTS to 
add the spectral information. Afterwards, integrating the sensitivity and 
sky maps results in the irradiance absorbed by the module and the cell 
photo currents. The former is used in pillar 5) together with ambient 
temperature, wind speed, convective heat loss and emissivity for the 
fluid dynamic model implemented in the toolbox to calculate the tem-
perature of each cell in the module. Next in pillar 6), a lumped-element 
model is used to simulate the module interconnection in combination 
with the calibrated lumped-element model parameters and the resulting 
module IV-curve for all timesteps considering the temperature and 
implied photo current for each cell at each timestep of the simulation 
time (typically one year). Afterwards, in pillar 7) the DC power is con-
verted to AC considering voltage and current dependent efficiency of the 
inverter for each timestep. In the following, we will introduce each 
model in detail. 

2.1. Optical model for PV module properties 

The solar modules’ optical properties are simulated using the GEN-

PRO4 software [32]. GENPRO4 implements the net radiation method [33] 
and further extended versions of that [34,35]. The original net radiation 
method approximates the cell structure as a 1-D multilayer stack along 
the depth axis of the cell. The thickness d and complex refractive index n 
(λ), k(λ) of every layer are input parameters. The extended models allow 
for interference and scattering effects to be considered. Random surface 
textures are simulated using the scalar scattering model developed by 
Jäger et al. [36], which utilizes a 3D scan by an atomic force microscope 
to model a realistic texture. 

As part of the PVMD TOOLBOX, GENPRO4 calculates spectral and angle 
resolved reflection Rmod(λ, α) as well as absorption which is also depth 
resolved Alay(λ,α,d) for each layer in the module including the cell with 
all its layers. In case of a bifacial structure this calculation is performed 
for front as well as rear irradiation. This approach has demonstrated 
very good agreement with measurements in various publications such as 
[32,34–36]. 

2.2. Semiconductor device model 

The ADVANCED SEMICONDUCTOR ANALYSIS (ASA) is an optoelectronic 
simulator program from Delft University of Technology [37–39]. It 
solves the semiconductor equations in one dimension, specifically the 
Poisson equation and two continuity equations for electrons and holes. 

The physical background is based on the drift-diffusion model consis-
tently coupled with recombination and tunneling models. ASA accounts 
semiconductor electronic properties such as bandgap, electron affinity, 
density of states, mobility, doping profiles and trapped charges in the 
localized states within the band gap to simulate one-dimensional devices 
under various illumination or dark conditions, all as a function of tem-
perature. Each material’s free electron concentration, hole concentra-
tion, electrostatic potential and depth resolved generation profile Alay (λ, 
d) are input variables for ASA. Fig. 2a shows an example of resulting 
band diagrams for a perovskite top and Fig. 2b a silicon heterojunction 
bottom cell. 

As part of the PVMD TOOLBOX, ASA is used to calculate the cell IV- 
curves at different irradiances and temperatures. To save computa-
tional effort an equivalent circuit model of the solar cell is then fitted to 
match all the IV-curves. This way we obtain a calibrated lumped- 
element model (CLEM) with temperature and illumination dependent 
parameters of the one diode model for the solar cell. Fig. 2c–f show the 
comparisons between ASA and CLEM. Note, that the top and bottom cell 
one diode model parameters are extracted separately and then later 
combined in an equivalent circuit model for each tandem solar cell with 
either series connection or independent operation subject to the number 
of terminals of the cell. 

2.3. Optical model for module mounting conditions 

The in-house developed forward Monte-Carlo ray tracing software 
LUX is used to simulate the PV module mounting conditions and sur-
roundings allowing for shading and albedo effects, especially important 
for bifacial modules, to be considered. The ray-tracing method was 
chosen for its flexibility as it can treat complex illumination situations, 
including shading and light scattering from nearby objects. The optical 
properties of these nearby objects, such as spectral reflectance and 
diffuseness of reflection, can be chosen freely, to closely mimic the real- 
world situation. Note that commonly used methods based on view fac-
tors require less computation time but are based on the assumption that 
surfaces reflect light in a perfectly diffuse way. 

The simulation domain is shown in Fig. 3a, it simulates a single PV 
module with periodic boundary conditions on four sides representing a 
module in a large PV power plant. The module is modelled considering 
the size of each cell, the tilt, the mounting height, the frame, the distance 
between cells as well as the frame and the distance to other modules. The 
reflection and absorption properties of the PV module are based on the 
simulation as described in section 2.1. The ground is modelled with a 
reflectivity and two factors, which adjust the haze and diffuse exponent 
of the ground reflection. The result are sensitivity maps [40] as shown in 
Fig. 3b and defined by 

Sl (ncell, ϑin, φin, λin)=
Nabs,l(ncell, ϑin, φin, λin)

Nin
, (1) 

Fig. 3. Periodic simulation domain for ray tracing (a). Geometrical features of the module, its mounting conditions and the surroundings are considered as well as 
their optical properties. Resulting sensitivity map can be calculated for each cell (b). 
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where Nin is the number of incoming rays per simulation step, Nabs,l is 
the number of absorbed rays, ncell is the cell number in the module, θin 
zenith angle, φin azimuth angle, λin wavelength, Sl is the sensitivity and l 
is the layer in the module. Typically, one sensitivity map is calculated for 
each junction (jnc) material as basis to calculate their current and 
another one for the whole module to derive the input for the module 
temperature model. 

2.4. Time and spectral resolved irradiance model 

The first time resolved calculation step is the creation of a distribu-
tion of the irradiance across the sky in the time domain. The model is 
based on the Perez model [41]. Fig. 4 shows an example of such an 
irradiance map. Then, the model uses SMARTS [42,43] to add the 
spectral composition of the incoming G irradiance or the incoming φ 
photon flux. The former is used for the module temperature calculation 
while the latter is used for the current calculation. 

Objects on the horizon such as mountains or large buildings are 
considered by a shading factor, which multiplies the direct normal 
irradiance (DNI) with zero in instances when the sun is behind these 
objects. 

Afterwards we integrate the sensitivity and irradiance maps over all 
wavelengths, zenith, and azimuth angles according to 

Gmod(ncell, t) =
∫∫∫

Smod (ncell, ϑin, φin, λin) × G(t,ϑin, φin, λin) dϑ dφ dλ, (2)  

Ijnc(ncell, t)=
∫∫∫

Sjnc(ncell, ϑin, φin, λin)×Φ(t, ϑin,φin, λin) × e dϑ dφ dλ. (3) 

The results are Gmod the irradiance absorbed by the module block 
enveloping each cell including half of the inter cell gap as well as Ijnc the 
implied cell photo-generated currents for each cell, time instance and 
junction, while e is the elementary charge. The former is an input var-
iable for the module temperature calculation, while the latter is an input 
variable in the electrical model. 

2.5. Thermal model 

The PVMD TOOLBOX uses a fluid dynamic model [44] to calculate the 
temperature of each cell in the module. It considers natural as well as 
forced convection and radiative heat transfer for all time instances. The 
input parameters are ambient temperature, wind speed, module 

efficiency at STC, temperature coefficient of the efficiency, sky tem-
perature, module tilt, module mounting height, emissivity of the module 
and the irradiance absorbed by the module Gmod (ncell,t) derived as 
described in the previous section. The output is the temperature of each 
cell in the PV module at each time Tcell (ncell,t). Note, that this fluid 
dynamic model relies only on non-empirical parameters and is thus able 
to directly include the impact of a different efficiency or other property 
on the operating temperature whereas previous works are based on 
empirical temperature models [20,21]. For example, if you simulate yet 
to be fabricated tandem modules then you do not need to first determine 
their empirical temperature parameters. 

2.6. Module electrical interconnection model 

Next, the PVMD TOOLBOX uses a lumped-element model to simulate 
the module interconnection with bypass diodes to calculate the resulting 
module IV-curves for all hours of the year. The first step is calculating 
the time resolved IV-curves for each cell. Using the lambert W function 
approach [45], we speed up the simulation process to the point where 
we can calculate a 100 000 IV curves per minute. The inputs are the 
implied cell photo-generated currents Ijnc(ncell,t), the cell temperature 
Tcell(ncell,t) and the temperature and illumination dependent parameters 
of the one diode model all derived as describe in the previous sections. 

If we simulate a module with 60 cells for one year in hourly reso-
lution then several hundred thousand IV-curves need to be calculated, 
even if we exclude night times with zero irradiance. However, as shown 
in Fig. 5, a lot of solar cell operating conditions in terms of cell tem-
perature and implied photo generated current are repeated several 
hundred times. Thus, we organize the operating conditions in discrete 
cell temperature steps of ΔTcell = 0.3 K and implied photo generated 
current steps of ΔJph = 0.4 A/m2 and only simulate each of those 
discrete condition steps once if they appear in the climate. For simu-
lating one year in Delft (Netherlands) in hourly resolution, this reduces 
the amount of simulated IV-curves for a 60-cell module by 86% and the 
simulation time to about 2 min on a desktop PC (3 GHz, 8 GB RAM). The 
specific reduction depends on the climate conditions at the location and 
the number of cells in the module. The computational effort reduction 
scales extremely well with higher time resolution of the climate data or 
simulating multiple years, as the number of unique operating condition 
steps hardly increases, only the frequency in each step. However, 
comparing a simulation with these discrete operating steps and without 
them the calculated yearly module yield is overestimated by 0.23% in 
this example. The overestimation is due to a reduction in slight current 
mismatch losses. The overestimation scales with step size as larger step 
sizes decrease current mismatch losses, thus we always have a trade-off 
between speed and accuracy when using this approach of organizing 
operating conditions in discrete steps. 

Fig. 4. Irradiance map showing the irradiance distribution across the sky for 
one-time instance. 

Fig. 5. Frequency of solar cell operating conditions as function of cell tem-
perature and photo generated current for one year in hourly resolution in Delft. 
The rectangles show how these operating conditions are organized into these 
colored rectangles. Note, that for illustration purposes the rectangles shown 
here are 33.3 times larger than the ones typically used in our simulations. 
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2.7. Inverter model 

Afterwards, the DC power is converted to AC considering voltage and 
current dependent efficiency of the inverter for each time-step. The 
input variables are the DC current and voltage of the module for each 
timestep from the pervious calculation step. The input parameters are 
the number of modules in series and parallel connection, the DC and AC 
cable as well as the inverter properties. The PVMD TOOLBOX can simulate 
PV systems with central inverters, string inverters, micro inverters, and 
power optimizers. For the three inverter types, conversion efficiencies 
are calculated based on the SNL-model [46]. For power optimizers, we 
built our own model based on efficiencies measured as a function of 
input power at different input voltage levels [47]. The yearly inverter 
efficiencies for the PV system considered in this paper are 93.7–95.5%. 

2.8. Validation in standard test and realistic conditions 

The individual calculation steps have shown close agreement with 
measurements in literature e. g. Refs. [32,37,40,44–47]. The self 
consistent combination of these models is able to do the same. 

News of the record 31.25% [11] and 29.80% [48] perovskite/silicon 
tandem cells was published after this study was already finished and 
there was also not enough information available to model the previous 
Oxford PV record device with 29.52% efficiency [49]. However, HZB 
who fabricated a previous perovskite/silicon record device with 29.15% 
efficiency have published detailed information on their device [50], 
which will be used for validation. The symbols in Fig. 6a mark mea-
surements of this device as digitally extracted from Ref. [50]. The 
measured EQE for top (yellow) and bottom (grey) cell is compared to the 
PVMD TOOLBOX optical device simulation of this structure. The mean 
absolute deviation between simulation and measurement is 1.1% for the 
top cell and 0.9% for the bottom cell. The simulated implied photo 
generated current densities are also within 0.1 mA/cm2 of the measured 
short circuit current densities. Fig. 6b shows the measured JV curve (red 
symbols) is compared to the one obtained via the PVMD TOOLBOX 

opto-electrical device modeling with a mean absolute deviation below 
0.3 mA/cm2 (1.6%). Thus, our steady state model can accurately model 
lab measurement of perovskite/silicon tandems. 

As no data of detailed outdoor energy yield measurements of 
perovskite/silicon tandem modules is currently available in literature, 
we validate the transition from STC to outdoor conditions with such data 
from c-Si modules. Marion et al. [51] published open source data of PV 
module outdoor performance. We model the 72-cell HIT module and its 
mounting conditions in the PVMD TOOLBOX, import measured DHI, DNI, 
ambient temperature and wind speed data recorded for a 13-month 
period with a 10-min resolution in Cocoa, Florida. Comparing the 
measured PV DC power with the modelled one we determine a root 
mean square difference of 4.5% and a mean bias difference of − 4.2%. 

The mean bias difference is calculated as the sum over the differences 
between predicted and measured yield for all time steps divided by the 
total measured energy yield. Therefore, a negative value means that our 
model has a slight bias towards underestimating the measured energy 
yield, the source of this slight underestimation bias is unknown. Fig. 7 
shows the day with the highest deviation between modelled PV DC 
power output (blue line) and measured PV DC power output (black line). 
Even on this day the measurement is nearly always in the 95% confi-
dence interval (blue area) of our model. 

3. Results 

In the following, we conduct a case study to analyze how the tran-
sition from nominal STC power to actual power in real-world operation 
comapres for tandem PV systems and conventional c-Si systems. This 
can best be evaluated by comparing the specific yields of these systems 
as calculated by the PVMD TOOLBOX for different climates. 

To simulate realistic modules, we assume the encapsulation of these 
perovskite/silicon tandem cells from Ref. [50] with 450 μm polyolefin 
without UV blocking additives and 3.2 mm thick sola lime glass with an 
iron content of 10 ppm [52]. The glass has a double layer anti-reflection 
coating (ARC) with 93 nm Teflon AF2400 [53,54] on top of 53 nm 
porous glass ARC layer [55]. We remove LiF layer on top of the solar cell, 
which is an optimization for a having low reflection in air rather than in 
a glass/polyolefin stack with refractive indexes around 1.5. As can be 
seen in Fig. 6a, the reference device is not current matched perfectly, as 
the c-Si bottom cell has a 0.8 mA/cm2 higher implied Jsc than the top cell 
and the encapsulation in a PV module changes that balance further. We 
reduce the c-Si wafer thickness to 160 μm in all our simulations in the 

Fig. 6. The symbols mark measurements of the 
29.15% efficiency perovskite/silicon tandem de-
vice fabricated by HZB [50]. On the left, the 
measured EQE for top and bottom cell is 
compared to the PVMD TOOLBOX optical device 
simulation of this structure. The inputs are listed 
in Appendix A. On the right, the measured JV 
curve is compared to the JV curve as simulated by 
the PVMD TOOLBOX. (For interpretation of the 
references to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   

Fig. 7. Modelled PV DC power output (blue line), 95% confidence interval 
(blue area) and measured PV DC power output (black line) [51]. Even on 
February 11, 2011, the day with the highest deviation, the measured data is 
within the confidence interval of our model. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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results section and fit the perovskite thickness to achieve current 
matching. We consider a bottom cell rear textured device with a planar 
perovskite top cell with thickness of 575 nm and a double textured de-
vice, which has also a texture on the front side of the bottom cell, this 
texture with pyramid size of typically 5 μm makes the perovskite top cell 
textured. To adjust for the better light trapping due to the double texture 
the perovskite thickness is adjusted to 480 nm, otherwise both 2T cells 
are identical. Table 2 lists the STC power and efficiency values for those 
two devices as well as a device based on the bottom cell of the double 
textured variant encapsulated in a module with the same materials as a 
reference. 

3.1. Loss analysis under standard test conditions 

To evaluate the design of the solar cell, module, and system, it is 
important to know which factors limit the efficiency the most. Thus, our 
simulation software can perform a loss analysis quantifying the different 
losses that are present. There are 17 losses defined, which are grouped 
into four categories. These categories are fundamental, optical, elec-
trical, and system losses. The fundamental losses are calculated first, 
such that they give an upper limit for the solar cell. For the calculation of 
the fundamental losses, an ideal solar cell is assumed. The results of our 
fundamental losses match the upper limits for both single junctions as 
tandem cells [28,56]. 

Additional to the five fundamental losses, a non-ideality effect has 
been defined to compensate for an overestimation of the fundamental 
losses. This non-ideality component considers the absorption of photons 
below the bandgap energy, also known as Urbach’s rule [57], and the 
fact that the actual emission is lower if the solar cell is not ideal. 

After the fundamental losses, the optical losses are calculated. This 
category accounts for all the photons that impinge on the PV module but 
are not able to generate an electron-hole pair. This includes non-active 

area losses, and reflection or parasitic absorption. The reflection and 
parasitic absorption are calculated based on the results of the optical 
model. 

The electrical losses consist of two different losses: ohmic losses, and 
recombination losses. The ohmic losses are calculated with the series 
resistance and the shunt resistance of the five-parameter model. 
Recombination losses are the losses due to the recombination of 
electron-hole pairs. This recombination results both in a decrease of the 
maximum power point current and in a decrease of the maximum power 
point voltage. Therefore, the recombination is split into two 
components. 

The last category is the system losses and includes all losses intro-
duced by inserting the solar cells in a photovoltaic system. Two of the 
system losses are related to the connection of solar cells, which are 
ohmic losses due to the interconnection, and the mismatch losses. The 
mismatch losses are caused by different maximum power point condi-
tions of the cells, such as due to current mismatch between the top and 
bottom cells or partial shading of the module. The other two system 
losses are related to the conversion from DC to AC, which are cable 
losses and inverter losses. However, for STC simulations the last two 
losses are not considered since STC is defined as module DC output. 

The loss analysis has been simulated for the modules discussed above 
at STC. The results are shown in Fig. 8. The most significant difference is 
that the fundamental losses decrease for the tandem modules. This is 
expected since tandem modules are designed to reduce the thermaliza-
tion losses. The emission losses increase for tandem modules, since there 
is a larger cell voltage for tandem modules, which increases the emis-
sion. The reflection losses are significantly higher for the two-terminal 
rear-textured tandem module since it is has a flat front interface. The 
parasitic absorption decreases for this module, which is the result of the 
increase in reflection. 

The recombination losses are higher for the tandem modules because 
there is more recombination in these perovskite top cells. As can be seen 
in Fig. 2e and f, the perovskite cell has a lower fill factor than the silicon 
cell, implying that there is more recombination. The system losses are 
small for all modules, since the system has been optimized for the spe-
cific cells. 

3.2. Outdoor yield simulation 

We simulate the three different PV module types in four different 
climatic locations: i) Delft (Netherlands) representing temperate low 
irradiance climates (DL), ii) Shanghai (China) representing temperate 
medium irradiance climates (DM), iii) Lisbon (Portugal) representing 
temperate high irradiance climates (DH) and iv) Lagos (Nigeria) repre-
senting tropical high irradiance climates (AH). The hourly climate data 
is extracted from METEONORM version 7.3. Table 3 lists the annual or mean 

Table 2 
Overview of the main cell and module properties for the double textured c-Si as 
reference, the rear texture 2-Terminal tandem (2T-RT) and the double texture 
tandem (2T-DT). The silicon wafer thickness is fixed to 160 μm, which is a 
typical value for today’s industrial c-Si solar cells, and the perovskite thickness is 
adjusted to achieve current matching in the module under STC. An extended 
version is in appendix A.  

Cell 
type 

Cell 
texture 

Perovskite 
thickness 
[μm] 

Silicon 
thickness 
[μm] 

Power 
STC [W] 

Module 
efficiency STC 
[%] 

c-Si Double NA 160 394 20.9 
2T- 

RT 
Rear 0.575 160 521 27.7 

2T- 
DT 

Double 0.48 160 540 28.6  

Fig. 8. The loss analysis for the c-Si DT module, the two-terminal rear-textured tandem module, and the two-terminal double-textured tandem module. The 
fundamental losses have decreased for the tandem modules, whereas the electrical losses have increased for the tandem modules. The optical losses are higher for the 
two-terminal rear-textured module since it does not have front texturing. 
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annual differences global horizontal irradiation, ambient temperature, 
wind speed and optimum tilts. The climates are categorized based on the 
Köppen-Geiger-Photovoltaic (KGPV) classification [58–60]. 

We simulate PV systems consisting of two parallel strings with five 
PV modules in series per string. Fig. 9 shows the results in terms of 
annual AC energy yield (a), specific system yield (b) and irradiance 
weighted mean annual module operating temperature (c) in all four 
climates. 

The 2T-RT variant has a 29–32% higher AC energy yield than the c-Si 
reference, while the 2T-DT variant has a 33–37% higher AC energy yield 
compared to the reference. In both cases the improvement is lowest in 
the temperate low irradiance climate (Delft) and highest in the tropical 
high irradiance climate (Lagos). 

The specific system yield is highest in Lisbon with a range from 1732 

to 1751 kWh/kWp and lowest in Delft with a range from 1003 to 1031 
kWh/kWp. In terms of specific yield, the tandem system performs 
slightly worse than the c-Si reference module with -2.7% in Delft and 
about -1% in both Lisbon as well as Shanghai. In the tropical Lagos 
climate, we observe the 2T-RT variant is -0.3% below the specific yield 
of the c-Si reference, while the 2T-DT variant is +0.4% above of the 
specific yield of the c-Si reference. 

The better performance in the tropical climates can be partly 
explained by the lower weighted mean annual module operating tem-
perature, which is about 1 ◦C lower than the reference module for the 
2T-DT and about 1.5 ◦C lower than the reference for the 2T-RT variant. 
The lower operating temperature of the tandem modules is mainly due 
to lower thermalization losses (see also Figs. 8 and 10). The difference 
between the tandem variants is due to the higher reflection of the 2T-RT 
variant, which leads to lower absorption in the module. Based on our 
ASA simulations, we can determine the temperature coefficient of the 
tandem cell, which equals -0.3%/K. This means that the specifical yield 
would be about 0.3% lower for the DT tandem and 0.45% lower for the 
rear textured tandem if they would operate at the same temperature as 
the c-Si. 

The other factor affecting the specific yield is the spectral composi-
tion in the different climates across all hours of the year, which causes 
current mismatch losses between top and bottom cells. Table 4 lists the 
annual losses due to this current mismatch. Note that, we averaged 
across the whole module area for this analysis to eliminate the effect 
irradiation differences due to cell position. Comparing the current 
mismatch with the power mismatch loss we find a significant reduction. 
The reason is that fill factor gains compensate much of the current 
mismatch losses. This clearly shows the need to include electrical 
modelling when evaluating current mismatch losses. Location wise the 
mismatch losses are largest in Delft and lowest in Lisbon and Shanghai. 
This partly explanations, why the tandems specific yield is lower in Delft 
compared to the other locations. An additional factor is that all spectra 
have a blue shift compared to AM1.5g, specificly the blue shift is lowest 
in Delft and strongest in Lagos, which further explains why the specific 
yield of the tandems are particular high in this location. More details 
follow in the outdoor loss analysis in the next section. 

We find that the lab performance of the simulated tandem system 
translates from the laboratory to outdoors within -2.7% to +0.4% the 
reference c-Si systems’ specific yields for all four simulated climates. 
Note that the calculated performance ratio also depends on the spectral 
irradiance model used, which is still a topic with much research to be 
done before a consensus can be reached [61–64]. There is a clear need to 
further validate these findings with long-term measurement campaigns 
of perovskite/silicon tandem modules in different climates. However, 
currently no such data is available for perovskite/silicon tandem 

Table 3 
Overview of the annual or mean annual global horizontal irradiation, ambient 
temperature and wind speed as well as the climate KGPV classification [58] and 
optimum tilt for each of the four climate data sets used in this work.  

Location Annual global 
horizontal 
irradiation 
[kWh/m2] 

Mean annual 
ambient 
Temperature 
[◦C] 

Mean 
annual 
wind 
speed 
[m/s] 

KGPV Optimum 
tilt [◦] 

Delft 1018 10.8 4.0 DL 31 
Shanghai 1271 17.5 3.5 DM 17 
Lagos 1642 27.5 3.9 AH 5 
Lisbon 1758 16.7 3.6 DH 28  

Fig. 9. a) The top plot shows the annual AC energy yield for each of the PV 
systems in all four locations. b) The middle shows the specific yield of all sys-
tems. c) The bottom plot shows the irradiance weighted mean of the annual 
module temperatures indicating that tandem systems operate at a about 1 ◦C 
lower temperature. 

Table 4 
Annual losses due to current mismatch between top and bottom cell. The current 
loss columns are the sum of the absolute hourly differences between top and 
bottom cell current relative to the sum of bottom cell currents. The power loss 
compares the sum of the sub cells individual MPPs and the MPPs of the 2T 
relative to the later, thus accounting for fill factor gains. The mismatch loss is 
taken from our loss analysis. Therefore, they are relative to the incoming power 
and not the device performance.  

Climate Variation Short 
circuit 
current 
loss [%] 

Current 
losses at 
MPP [%] 

Power loss 
relative to 
DC power 
[%] 

Mismatch 
losses relative 
to incoming 
irradiation [%] 

Delft 2T-RT 7.0 6.5 1.2 0.3 
Shanghai 2T-RT 6.9 5.3 0.8 0.2 
Lagos 2T-RT 8.1 6.0 0.9 0.2 
Lisbon 2T-RT 6.3 5.3 0.8 0.2 
Delft 2T-DT 7.5 7.5 1.5 0.4 
Shanghai 2T-DT 6.3 5.5 0.9 0.2 
Lagos 2T-DT 6.8 5.3 0.7 0.2 
Lisbon 2T-DT 6.5 6.1 1.0 0.3  
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modules. We are open to contribute our modelling to better understand 
such measurements and further improve our modelling, so please feel 
free to contact us if you have or plan to collect such data. 

3.3. Outdoor loss analysis 

The loss analysis described in section 3.1 is not only done for STC, 
but also for the varying real-world outdoor conditions for the locations 
Delft, Shanghai, Lagos, and Lisbon. The results accumulated over one 
year are shown in Fig. 10. They can be compared to the loss analysis at 

STC, such that it can be seen how the actual operating conditions affect 
the performance. 

The first difference that can be observed, is that the fundamental 
losses have changed. The below bandgap non-absorption has decreases 
from 19.2% at STC to values between 15 and 16%. The reason for this is 
that the spectra are blue shift compared to the AM1.5g spectrum, as 
mentioned in the previous section. This reduces the irradiance with 
energy below the energy bandgap of silicon. The below bandgap non- 
absorption is the lowest in Lagos, since this location has the strongest 
blueshift. Delft has the highest below bandgap non-absorption since it 

Fig. 10. The loss analysis for the three modules in the four operating climate locations. In a) the results of the c-Si modules are shown, b) shows the results for the 
rear textured tandem and c) shows the results for the double textured tandem. 

M.R. Vogt et al.                                                                                                                                                                                                                                 



Solar Energy Materials and Solar Cells 247 (2022) 111944

10

has the weakest blue-shift. The blue shift also causes the increase of 
thermalization losses compared to STC, which is the highest in Lagos 
and the lowest in Delft. Explaining the different specific yield values in 
these locations. 

Another difference compared to STC, is that the reflection and 
parasitic absorption have increased. This is due to more irradiance 
coming in at an oblique angle. The EQE of a solar cell is typically the 
highest when light reaches the cell at the normal angle. However, under 
operating conditions this light comes from multiple angles, increasing 
the reflection and parasitic absorption. Consequently, for every location, 
the double textured tandem module has lower reflection than the rear- 
textured module as the front texture is effective at reducing reflection 
losses. 

The system losses have increased since the cable and inverter losses 
are included for the outdoors simulation. The inverter has a DC to AC 
efficiency in the range of 93.7% to 95.5% under operating conditions, 
which causes an inverter loss relative to the incoming power in the order 
of 1–2% for the crystalline silicon module and 2–3% for the tandem 
modules. The efficiency of an inverter typically increases for a higher 
voltage, making the inverter more efficient for a larger irradiance. This 
explains the difference between the inverter losses in Delft and Lisbon. 

To compare the performance under STC with the outdoor perfor-
mance, the DC efficiencies should be compared. This can be calculated 
by adding the cable and inverter losses to the AC power. The efficiency 
of the crystalline silicon module decreases slightly for outdoor condi-
tions. This is mainly due to an increase of optical and electrical losses, 
whereas the fundamental losses decrease. For the tandem PV modules, 
the outdoor efficiency is also lower compared to STC. This is caused by 
an increase of optical losses and the increase of mismatch losses. 

4. Summary and conclusion 

We introduced the PVMD Toolbox the first model, which can model 
PV Systems based on fundamental material parameters all the way to AC 
energy yield without input from fabricated devices. We validated EQE 
and JV curves from labs cells with mean absolute deviation of 1.1% and 
1.6% respectively. As validation for the lab to outdoor transition, since 
there is no outdoor energy yield data available for tandem PV systems, 
we used measurements from c-Si modules, whose yield we can repro-
duce with root mean square difference of 4.5%. 

In our case study, we compare two types of 2 Terminal perovskite 
silicon tandem modules with a reference c-Si module (module STC ef-
ficiency 20.9%) at STC and in four different climates. The main differ-
ence is that the first tandem module has a flat front side and a textured 
rear leading to a module STC efficiency of 27.7%, while the second 
tandem module has a texture on both the front and rear side leading to a 
module efficiency of 28.6% in STC. We show that tandem PV modules 
operate at 1–1.9 ◦C lower yearly irradiance weighted average 

temperatures compared to c-Si. Moreover, we find that the lab perfor-
mance of the simulated tandem system translates from the laboratory to 
outdoors. As the specific yields of the tandem systems are within -2.7% 
to +0.4% the reference c-Si System for all four simulated climates. 

Using our loss analysis, we find that effect current mismatch is sig-
nificant overestimated in pure optical studies. As they do not account for 
fill factor gains. Quantitively, we find a tandem module with a current 
missmatch of 7% loses only 1.2% of its own module power and 0.3% of 
the incoming power due to current missmatch for one year in Delft. 

We demonstrated that the PVMD TOOLBOX enables the energy yield 
prediction based on fundamental material parameters. This can speed up 
the development of perovskite/silicon tandem module and their opti-
mization for different climates. 
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Appendix A. Simulated structures 

Table A1 list the materials and thickness of all simulated structures.  

Table A1 
Full overview of the cell and module properties for 2T in air used for validation as well as the three encapsulated ones from the case study: The 
double textured c-Si as reference, the rear texture 2-Terminal tandem (2T-RT) and the double texture tandem (2T-DT). The silicon wafer 
thickness is fixed to 160 μm, which is a typical value for today’s industrial c-Si solar cells, and the perovskite thickness is adjusted to achieve 
current matching in the module under STC.   

2T (cell in air) c-Si (reference) 2T-RT 2T-DT 

Glass DARC Air 93 nm + 53 nm 93 nm + 53 nm 93 nm & 53 nm 
Glass Air 3.2 mm 3.2 mm 3.2 mm 
Polyolefin Air 450 μm 450 μm 450 μm 
LiF 85 nm NA NA NA 
IZO 85 nm NA 85 nm 85 nm 

(continued on next page) 

M.R. Vogt et al.                                                                                                                                                                                                                                 



Solar Energy Materials and Solar Cells 247 (2022) 111944

11

Table A1 (continued )  

2T (cell in air) c-Si (reference) 2T-RT 2T-DT 

SnO2 5 nm NA 5 nm 5 nm 
C60 7 nm NA 7 nm 7 nm 
Perovskite 532 nm NA 575 nm 480 nm 
PTAA 23 nm NA 23 nm 23 nm 
ITO 63 nm 63 nm 63 nm 63 nm 
nc-Si 111 nm 20 nm 111 nm 111 nm 
a-Si(i) 9 nm 9 nm 9 nm 9 nm 
Front texture No Yes No Yes 
c-Si 300 μm 160 μm 160 μm 160 μm 
Rear texture Yes Yes Yes Yes 
a-Si(i) 6 nm 6 nm 6 nm 6 nm 
a-Si(p) 12 nm 12 nm 12 nm 12 nm 
AZO 55 nm 55 nm 55 nm 55 nm 
Ag 300 nm 300 nm 300 nm 300 nm  
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[14] K. Jäger, P. Tillmann, E.A. Katz, C. Becker, Perovskite/silicon tandem solar cells: 
effect of luminescent coupling and bifaciality, Sol. RRL 5 (3) (Mar. 2021), 
2000628, https://doi.org/10.1002/solr.202000628. 

[15] PVsyst [Online]. Available: https://www.pvsyst.com/. 
[16] HelioScope, Folsom labs [Online]. Available: https://www.helioscope.com/. 
[17] Solar Monkey [Online]. Available: https://www.solarmonkey.nl/. 
[18] Plant predict, First solar [Online]. Available: https://www.plantpredict.com/. 
[19] PV*Sol, Valentin software GmbH [Online]. Available: https://www.valentin-so 

ftware.com/en/products/photovoltaics/57/pvsol-premium. 
[20] System advisor model, NREL [Online]. Available: https://sam.nrel.gov. 
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